Paring correlations in weakly bound halo nuclei 6 He and 11 Li are studied by using a threebody model with a density-dependent contact interaction. We investigate the spatial structure of two-neutron wave function in a Borromean nucleus 11 Li. The behavior of the neutron pair at different densities is simulated by calculating the two-neutron wave function at several distances between the core nucleus 9 Li and the center of mass of the two neutrons. With this representation, a strong concentration of the neutron pair on the nuclear surface is quantitatively established for neutron-rich nuclei. Dipole excitations in 6 He and 11 Li are also studied within the same three-body model and compared with experimental data. The small open angles between the two neutrons from the core are extracted empirically by the B(E1) sum rule together with the rms mass radii, indicating the strong di-neutron correlation in the halo nuclei.
Introduction
Pairing correlations play a crucial role in many Fermion systems, such as liquid 3 He, atomic nuclei, and ultracold atomic gases. When an attractive interaction between two Fermions is weak, the pairing correlations can be understood in terms of the well-known BCS mechanism, that shows a strong correlation in the momentum space. If the interaction is sufficiently strong, on the other hand, one expects that two Fermions form a Bosonic bound state and condense in the ground state of manybody system. 1 The transition from the BCS-type pairing correlation to the BoseEinstein condensation (BEC) takes place continuously as a function of the strength of attractive interaction. This feature is referred to as the BCS-BEC crossover.
It has been feasible by now to study the structure of nuclei on the edge of neutron drip line. Such nuclei are characterized by a dilute neutron density around the nuclear surface so that one can investigate the pairing correlations at several densities, 2 ranging from the normal density in the center of nucleus to a diluted density at the surface. The pairing correlations are predicted to be strong at the surface, but rather weak at the normal density and also far outside of the core. Thus, the weakly bound nuclei will provide an ideal environment to study the dynamics of pairing correlations in relation with the BCS-BEC crossover phenomenon.
In this talk, we discuss the manifestation of the BCS-BEC crossover phenomenon in finite neutron-rich nuclei. We particularly study the ground state wave function of a two-neutron halo nuclei, 6 He and 11 Li. These nuclei are known to be well described as a three-body system consisting of two valence neutrons and the core nucleus( 4 He or 9 Li). 3-5 A strong di-neutron correlation as a consequence of pairing interaction between the valence neutrons has been shown theoretically in 11 Li.
5,6
We take this nucleus to study BCS-BEC crossover features in connection to the strong two-neutron correlation, which has recently been observed experimentally in low-lying dipole strength in 11 Li. 
Three-body model and di-neutron correlation
In order to study the pair wave function in 11 Li, we solve the following three-body Hamiltonian,
where m and A c are the nucleon mass and the mass number of the inert core nucleus, respectively.ĥ nC is the single-particle Hamiltonian for a valence neutron interacting with the core. We use a Woods-Saxon potential for the interaction in h nC . The diagonal component of the recoil kinetic energy of the core nucleus is included inĥ nC , whereas the off-diagonal part is taken into account in the last term in the Hamiltonian (1) . The interaction between the valence neutrons V nn is taken as a delta interaction whose strength depends on the density of the core nucleus.
Assuming that the core density is described by a Fermi function, it reads
where R = |( r 1 + r 2 )/2|. We use the same value for the parameters as in Refs.
5,6
The two-particle wave function Ψ( r 1 , r 2 ) is obtained by diagonalizing the threebody Hamiltonian (1) with a large model space which is consistent with the nn interaction, V nn . To this end, we expand the wave function Ψ( r 1 , r 2 ) with the eigenfunction φ nljjz ( r i ) of the single-particle Hamiltonianĥ nC . In the expansion, we explicitly exclude those states which are occupied by the core nucleus.
The ground state wave function is obtained as the state with the total angular momentum J = J z = 0. We transform it to the coordinate system with the relative and center of mass (cm) motions for the valence neutrons, r = r 1 − r 2 and R = ( r 1 + r 2 )/2. 8, 9 The wave function is first decomposed into the total spin S=0 and S=1 components. Then, the coordinate transformation is performed for the S=0 component, which is relevant to the pairing correlation:
where |χ S=0 is the spin wave function. The two-particle wave function is plotted for 11 Li in two different coordinates in Fig. 1 . Fig. 1(a) is plotted as a function of r ≡ r 1 = r 2 and the angle between the valence neutrons, while the radial coordinates r and R are adopted for Fig. 1(c) . The S = 0 component is only taken for Fig. 1(b) . One observes two peaks in both the figures. The peak at smaller angle θ 12 in Fig.  1 (a) is referred to as "di-neutron configuration" , while the large angle is called "cigar-like configuration". One can see the di-neutron configuration has a long tail as a typical feature of halo wave function. fm, where the density is close to the normal density ρ 0 , the two particle wave function is spatially extended and oscillates inside the nuclear interior. This oscillatory behavior is typical for a Cooper pair wave function in the BCS approximation, and has in fact been found in nuclear and neutron matters at normal density ρ 0 .
10,11 As R increases, the density ρ decreases. The two-particle wave function then gradually deviates from the BCS-like behavior. At R = 3 fm, the oscillatory behavior almost disappears and the wave function is largely concentrated inside the first node at r ∼ 4.5 fm. The wave function is compact in shape, indicating the strong di-neutron correlation, typical for BEC where many such pairs are present. At R larger than 3 fm, the squared wave function has essentially only one node, and the width of the peak gradually increases as a function of R. This behavior is qualitatively similar to the pair wave function in infinite matter. 10 We have confirmed using the same three-body model that this scenario also holds for another Borromean nucleus 6 He as well as for non-Borromean neutron-rich nuclei 16 C and 24 O. The transition from the BCS-type pairing to the BEC-type di-neutron correlation can also clearly be seen in the root mean square (rms) distance of the two neutron system. We plot this quantity in Fig. 3(a) as a function of R. In order to compare it with the rms distance in nuclear matter, we relate the cm distance R with the density ρ using the Fermi-type functional form ρ(R)/ρ 0 = [1 + exp((R − R ρ )/a ρ )] −1 , as used in the nn interaction in Eq. (2). Fig. 3(b) shows the rms distance as a function of density ρ thus obtained. The rms distance shows a distinct minimum at ρ ∼ 0.4ρ 0 (R ∼ 3.2 fm). This indicates that the strong di-neutron correlation grows in 11 Li around this density. Notice that the probability to find the two-neutron pair is maximal around this region (see Fig. 1 (c) ). The behavior of rms distance as a function of density ρ qualitatively well agrees with that in infinite matter (see Fig.  3 in Ref. 10 ), although the absolute value of the rms distance is much smaller in the finite nucleus.
Dipole excitations and correlation angles
The rms distance r 2 c−2n has an intimate relation to the B(E1) strength as, 
This relation is obtained with closure, which includes unphysical Pauli forbidden transitions to the states with negative excitation energies. Although the effect of Pauli forbidden transitions is not large, it leads to a non-negligible correction. In Ref., 12,13 it has been proposed to estimate the experimental value for r 2 c−2n using the relation,
The dipole strength distributions for the 6 He and 11 Li nuclei obtained with the three model are shown in Fig. 4 . Also shown by the solid curves are the B(E1) distributions smeared with the Lorenzian function with the width of Γ = 0.2 MeV. For the 6 He nucleus, we obtain the total B(E1) strength of 0.660 e 2 fm 2 up to E ≤ We next evaluate the Coulomb breakup cross sections based on the relativistic Coulomb excitation theory.
14 These are obtained by multiplying the virtual photon number N E1 (E) to the B(E1) distribution shown in Fig. 4 dent width, Γ = α · √ E rel . We take α = 0.15MeV 1/2 and 0.25 MeV 1/2 for 6 He and 11 Li, respectively. We see that the experimental breakup cross sections are reproduced remarkably well within the present three-body model, especially for the 11 Li nucleus.
Let us now discuss the geometry of the 6 He and 11 Li nuclei. Using the experimental value for r 
where 
Summary
We studied the two-neutron (2n) wave function in the Borromean nuclei 6 He and 11 Li by using the three-body model with the density-dependent pairing force. We explored the spatial distributions of 2n wave function as a function of the cm distance R from the core nucleus and found that the structure of the 2n wave function alters drastically as R is varied. We also showed that the relative distance between the two neutrons scales consistently to that in the infinite matter as a function of density. These features are in close analogue to the characteristics of the BCS-BEC crossover phenomenon found in the infinite nuclear and neutron matters. We have used the same three-body model to analyze the B(E1) distribution as well as the Coulomb breakup cross section of the 6 He and 11 Li nuclei. We have shown that the strong concentration of the B(E1) strength near the continuum threshold can be well reproduced with the present model for both the nuclei. Using the calculated B(E1) strength, we extracted the experimental value for the rms distance between the core and di-neutron, which was then converted to the mean opening angle of the two valence neutrons. We have found that the mean opening angles thus obtained are in good agreement of the results of the three-body model calculation.
